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The master’s report presented here is a compilation of two distinct papers. Their 
respective abstracts are presented below.  
Chapter 1. The development and maintenance of power structures are influenced 
by multiple interacting variables associated with fighting ability or leverage. However, 
the relative influence of these variables on the expression of female power within the 
female-biased power structures that characterize most lemur species is still not well 
understood. This study examines the potential influence of factors associated with female 
reproductive costs and leverage on the expression of female power over males in 
Verreaux’s sifaka (Propithecus verreauxi) in a combined test of the energy conservation, 
cost asymmetry, and leverage hypotheses. The leverage hypothesis, but not the energy 
conservation or cost asymmetry hypotheses, were fully supported. These results suggest 
that female-biased power structures in lemurs may depend upon female leverage, but not 
 vii 
body mass differences or energy needs. Future studies incorporating physiological 
measures of female energetics and reproductive stages as well as additional sources of 
fighting ability other than body mass are necessary to validate this claim.  
Chapter 2. Monomorphism in mammals is relatively understudied despite 
characterizing numerous mammalian species. In this review, I reevaluate the extent of 
size monomorphism among mammals and examine the existing hypotheses put forward 
to explain this morphological pattern. I show that monomorphism is likely more common 
than is typically represented in the literature, while dimorphism is overestimated. 
Hypotheses explaining monomorphism specifically are rare, however, and must be 
extrapolated from hypotheses put forth to explain male-biased dimorphism. 
Monomorphism is thus expected when sexual selection on male body size is weak or is 
acting on traits related to speed or agility. Environmental constraints, habitat type, or 
predation pressure may contribute to the effects of sexual selection and/or place 
limitations on body size that are unrelated to sexual selection. Species-level comparative 
work focusing on monomorphic species specifically is necessary to resolve these broad-
scale trends associated with monomorphism. 
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Chapter 1:  Factors affecting the expression of female-biased power in 
Verreaux’s sifaka (Propithecus verreauxi) 
INTRODUCTION 
Dominance is a multidimensional construction imbued with overwhelming 
importance in behavioral research. While considerable debate exists regarding the 
definition of dominance (e.g., Rowell, 1974; Bernstein, 1981; Hand, 1986; Lewis, 2002, 
Langbein and Puppe, 2004; Holekamp and Strauss, 2016), it generally refers to the 
predictable asymmetry in the outcome of decided agonistic interactions, which by 
definition must involve submissive behavior that occurs either unprovoked or in response 
to aggression (Rowell, 1974; Bernstein, 1981). The influence of dominance is thought to 
extend to myriad aspects of group living, including reproductive success, priority of 
access to food or mating opportunities, and general maintenance of group dynamics (de 
Waal, 1986). 
While dominance is ultimately a characteristic of relationships (Bernstein, 1981), 
it is often influenced by physical and/or behavioral traits associated with individuals (i.e., 
“prior attributes”; Chase et al., 2002), which can then vary by season, context, and other 
extrinsic factors (Hewitt et al., 2009). The interplay between these parameters and their 
respective contributions to the formation of dominance relationships can be assessed 
using the power framework, in which “power” refers to a phenomenon that arises from 
asymmetries in dyadic relationships derived from differences in both dominance and 
leverage (Lewis, 2002). Within the power framework, Lewis (2002) regards “dominance” 
as the combined effect of intrinsic (e.g., body mass, canine size) and derived (e.g., 
coalitionary support) sources of fighting ability (de Waal, 1989; Chapais, 1992), whereas 
“leverage” is based upon inalienable resources, such as fertilizable eggs or kinship (Hand, 
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1986). Dominance and leverage may be further influenced by differences in the relative 
value a given resource has to particular individuals (Parker and Rubenstein, 1981; de 
Waal, 1989; Dunham, 2008). Together, these factors can produce lasting dyadic 
asymmetries by influencing the outcome of conflicts over time and space. 
 
Female-Biased Power Structures 
Asymmetries within dyads are often biased toward a particular sex. Female-
biased power structures (Lewis, in press), usually designated in the literature as “female 
dominant” social structures, are defined by females consistently exhibiting aggressive but 
rarely submissive behavior toward males, while males are consistently submissive and 
rarely aggressive toward females (Pereira et al., 1990). Female-biased power structures 
are uncommon among mammals (Ralls, 1976; Kappeler, 1993a), but characterize the 
majority of lemur species (Jolly, 1984; Kappeler, 1993a; Eichmueller et al., 2013; Petty 
and Drea, 2015). 
Several hypotheses have been proposed to explain the prevalence of female power 
in lemurs, emphasizing the role of a diverse set of potential influences (Jolly, 1984; 
Richard, 1992; van Schaik and Kappeler, 1996; Wright, 1999; Lewis, 2002; Dunham, 
2008). This study aimed to better understand the influence of female reproduction costs 
(Jolly, 1984; Wright, 1999; Dunham, 2008) and economic power (Lewis, 2002) on the 
expression of female-biased power structures, focusing three interrelated hypotheses: the 
“energy conservation hypothesis” (ECH: Jolly, 1984; Wright, 1999), the “cost asymmetry 
hypothesis” (CAH: Dunham, 2008), and the “leverage hypothesis” (LH: Lewis, 2002). 
These hypotheses are not mutually exclusive and often overlap considerably in their 
predictions, though with some important distinctions. 
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The ECH broadly states that female-biased power structures result from the high 
energetic demands on reproductive female lemurs due to metabolic and environmental 
factors (Jolly, 1984; Richard and Nicoll, 1987). Indeed, even females from species 
typically characterized by male-biased or unbiased power structures have been found to 
engage in higher rates of aggressive behavior (e.g., Japanese macaques: Schino et al., 
2004; bank voles: Ylönen and Horne, 2002) and feeding priority (white-handed gibbons: 
Barelli et al., 2008) during energetically costly lactation periods. However, energy needs 
in reproductive female lemurs are assumed to be especially great due to resource 
constraints imposed by the particularly strong resource seasonality and climate 
unpredictability of Madagascar (Jolly, 1984; Wright, 1999; Dewar and Richard, 2007). 
Female-biased power structures are thus thought to exist as an adaptation allowing 
females to maximize their use of scarce resources (Wright, 1999). 
The CAH also proposes that female-biased power structures result from 
heightened female nutritional demands, but differs from the ECH in its theoretical 
framework and predictions regarding precisely how female-biased energy needs lead to 
female-biased power structures. Drawing from game theory, the CAH posits that female-
biased power structures in lemurs relies upon intersexual size symmetry (Dunham, 2008), 
which is common among most lemur species (Kappeler and Fichtel, 2015). Many other 
species that display female-biased power structures are also characterized by females and 
males of similar adult average body mass, such as the rock hyrax (Koren et al., 2006) and 
the rufous elephant shrew (Rathbun, 1979). Using size symmetry as a proxy for equal 
fighting abilities between females and males, the CAH uses game theory to predict that 
increased female valuation of resources biases conflict outcomes toward females (Parker 
and Rubenstein, 1981), which in turn may lead to a female-biased power structure 
(Dunham, 2008). In the event that valuation of resources is equal and/or body size 
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differences are present, these differences in body size may then also influence conflict 
outcome. 
The LH is similar to the CAH in its theoretical basis, drawing from the political, 
economic, and sociological theory embedded within the power framework (Lewis, 2002). 
The LH also posits that female-biased power structures in lemurs may rely upon equal 
intersexual fighting abilities via size symmetry (Lewis, 2002). However, rather than 
asymmetries in resource valuation driving female power, the LH suggests that female-
biased leverage ultimately drives the formation of female-biased power structures (Lewis, 
2002). While leverage may take many forms (Hand, 1986; Lewis, 2002), the influence of 
mating opportunities has been particularly well documented with regard to intersexual 
power dynamics (e.g., Sicotte, 2002; van Noordwijk and van Schaik, 2009; Surbeck and 
Hohmann, 2013; Hohenbrink et al., 2016) and is the source of leverage examined in this 
study. Similar to the CAH, in the event that intersexual leverage is approximately equal 
(i.e., in conflicts outside of the mating season) and/or differences in body size are present, 
these body size differences are also likely to influence conflict outcome. 
While the ECH, CAH, and LH present different ultimate explanations for the 
existence of female-biased power structures in lemurs, their predictions regarding how 
female power is mediated on a proximate level highlight the potential influence of similar 
variables. These predictions and the hypotheses to which they correspond are presented 
below. 
1)! Reproductively mature females are more likely to win intersexual conflicts 
a.! than reproductively immature females (ECH, CAH, LH), 
b.! during years in which females produce offspring (ECH, CAH), 
c.! when females hold greater leverage (e.g., during the mating season; LH), and  
d.! in feeding contexts (ECH, LH) 
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2)! Females are more likely to win intersexual conflicts when their fighting ability 
(using body mass as a proxy) exceeds that of their conflict partner (CAH, LH) 
I tested the predictions of the ECH, CAH, and LH using an existing long-term 
behavioral dataset documenting body mass and intersexual agonistic interactions in 
Verreaux’s sifaka (Propithecus verreauxi), a lemur species whose social structure is 
characterized by female-biased power (Richard, 1974; Richard, 1978; Richard and 
Nicoll, 1987). Females consistently win conflicts against males in both feeding and non-
feeding contexts (Jolly, 1966; Richard and Heimbuch; 1975; Richard, 1978; Kubzdela, 
1997; Palagi et al., 2008). Both females and males form intrasexual linear dominance 
hierarchies maintained via unidirectional submissive signals (i.e., chatter vocalizations) 
(Lewis and van Schaik, 2007) and aggressive interactions (Kraus et al., 1999; Palagi et 
al., 2008; Norscia and Palagi, 2015). Agonistic interactions generally occur more 
frequently in the rainy season than the dry season, which may in part be related to the 
reproductive season or a lack of energy in the dry season due to the depletion of food 
resources (Richard and Heimbuch, 1975; Richard, 1978). 
Reproductive maturity in female Verreaux’s sifaka, defined by age at first birth, 
occurs most commonly at 5 (Kappeler and Fichtel, 2012) or 6 (Richard et al., 2002) years 
of age. While a small number of females have been observed to give birth as early as age 
3, these infants rarely survive, and reproductive success (i.e., infant survival past 12 
months) only begins improving after age 6 (Richard et al., 2002). Mating typically takes 
place during a six-week period within the months of January through March (Brockman 
et al., 1999; Leimberger and Lewis, 2017), and females are in estrus within a 0.5 to 96 
hour window (Brockman et al., 1999). Births occur during the dry season during June to 
mid-August (Lewis and Kappeler, 2005), and mid/late lactation and weaning take place 
during the rainy season (Brockman, 1994; Richard et al., 2002; Lewis and Kappeler, 
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2005). Interbirth intervals are usually 1 to 2 years (Richard et al., 2002). Females incur 
the greatest energy demands during mid to late lactation periods, which occur early in the 
rainy season when food availability is greatest (Lewis and Kappeler, 2005; Koch et al., 
2017). Verreaux’s sifaka exhibit body size monomorphism, with adult females and males 
exhibiting no significant differences in average body mass (Kappeler, 1990; Ravosa et 
al., 1993; Richard et al., 2002; but see Lewis and Kappeler, 2005) or limb measurements 
(Ravosa et al., 1993). Both females and males experience seasonal fluctuations in body 
mass, although female body mass exhibits a slightly greater decrease during the late dry 
season (Richard et al., 2000; Lewis and Kappeler, 2005). Understanding how variation in 
these reproductive and physical states influences intersexual conflicts is needed to 
improve our understanding of female power in Verreaux’s sifaka and the variation in 






Study Site and Subjects 
Data were collected at the Ankoatsifaka Research Station (20º47’17”S, 
44º10’0”E)!in Kirindy Mitea National Park (KMNP) of western Madagascar. Verreaux’s 
sifaka at KMNP reside in social groups comprising between 2 and 11 (mean = 6) 
individuals including 1 to 3 adult females and 0 to 3 adult males (Leimberger and Lewis, 
2017). A total of 31 females and 33 males living in 4 social groups were observed during 
the study period, with females ranging from 0 to at least 13 years of age and males 
ranging from 0 to at least 10 years of age. Because mating bouts were rarely observed 
and paternity data was not used in this study, male reproductive maturity was assumed to 
occur at adulthood (age 5) (Richard et al., 2000; Lawler et al., 2003; Lewis and van 
Schaik, 2007), while females were considered reproductively mature at the age of first 
observed birth. Because exact birth dates were not always known, but over 90% of births 
occur during July and August (Lewis and Kappeler, 2005), individuals were assigned to 
age 1 on September 1 following their birth year and changed age category on September 
1 of each following year. When birth years were unknown, minimum individual ages 
were estimated via body size, tooth wear, and/or nipple condition. A subset of the 
population is sedated and captured annually in June-July (cf. Lewis, 2009; 
Rasambainarivo et al., 2014). Morphological measurements, including body mass, and 
sex assignments based on genital morphology are recorded during these annual captures. 
 
Data Collection 
Intersexual agonistic interactions, including initiator, receiver, and duration, were 
collected using continuous focal animal sampling (Altmann, 1974) in 1-hour samples 
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from 2007 to 2016. No behavioral data were included from 2009 due to an interruption in 
data collection caused by Cyclone Fanele (Lewis and Rakotondranaivo, 2011; Lewis and 
Bannar-Martin, 2012). Conflict outcome was scored for each decided agonistic 
encounter, defined as conflicts in which i) the winner exhibited only aggressive behaviors 
and the loser exhibited only submissive behaviors, and ii) the loser exhibited submissive 
behaviors and the winner exhibited no aggressive or submissive behaviors (Pereira et al., 
1990). Because chatter vocalizations are used as a formal submissive signal (Lewis and 
van Schaik, 2007), only dyadic interactions in which individuals utilized these 
vocalizations were included in this analysis. The “winner” of a conflict was defined as 
the individual who has received a chatter vocalization, whereas the “loser” was defined as 
the individual who has exhibited a chatter vocalization. 
Information on reproductive maturity, reproductive years, and the season, period, 
and context in which conflicts took place were available for all relevant agonistic 
encounters (Table 1). Using an average birth date of September 1 and assuming an 
average time to weaning of approximately 5 months (Richard, 1976) and gestation length 
of 5 to 6 months (Meyers and Wright, 1993), December and January were designated as 
the mid/late lactation period and February and March were designated as the mating 
season. Body mass measurements where both female and male body mass had been 
documented during the same calendar year of the encounter were available for 483 
encounters. Outside of the late dry season, females and males experience similar seasonal 
fluctuations in body mass (Richard et al., 2000; Lewis and Kappeler, 2005), and 
differences in body mass are thus expected to remain approximately similar throughout 
the year. Because pregnant and non-pregnant females exhibit no significant difference in 




Generalized linear mixed models (GLMMs) were used to investigate factors 
influencing conflict outcome (win/loss) between females and males. Fixed factors 
included female reproductive maturity (mature/immature), reproductive year (yes/no), 
season (mating/non-mating), period (mid/late lactation/other), feeding context 
(feeding/non-feeding), and body mass difference (female body mass minus male body 
mass). The full dataset was used to test the influence of reproductive maturity and body 
mass. The influence of body mass differences was also tested separately in immature 
females alone to assess whether the body mass was more influential in the absence of 
reproductive maturity. To test the influence of reproductive year, I ran a reduced model 
that only included conflicts in which females were reproductively mature. Models testing 
the effect of mating season were further limited to both females and males that were 
reproductively mature, and reproductive period and context were examined only for 
females in reproductive years. Individual female and male ID were included as random 
factors for all models. 
When applicable, variance inflation factors (VIFs) were computed for a joint 
model including all predictors to assess multi-collinearity prior to building models. 
Variables with VIFs greater than 5 were considered to reflect dependencies between 
included factors and were excluded from the model (Zuur et al., 2009; Rogerson, 2010). 
GLMMs were calculated using R package lme4 (Bates et al., 2014). Models were 
evaluated via AIC values to determine which combination of factors provided the most 
parsimonious explanation for conflict outcomes. Least-squares means from R package 
lsmeans were used to calculate predicted probabilities of conflict outcomes (Lenth, 
2016). A repeated measures ANOVA was used to examine body mass differences 
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between adult females and males while accounting for repeated measures on individuals. 
All statistical analyses were conducted in R version 3.3.2 (R Core Team, 2016). 
 
RESULTS 
Intersexual Conflict and Reproductive Maturity 
A total of 1,364 decided intersexual agonistic interactions occurred between 115 
unique dyads (NFemale = 31, NMale = 33). Overall, females won 81.3% of these interactions, 
with reproductively immature females winning 27.7% (76 out of 274 conflicts) and 
mature females winning 94.8% (1,033 out of 1,090 conflicts). Females were significantly 
more likely to win intersexual conflicts after reaching reproductive maturity (p < 0.001, 
Table 2). The predicted probability of an immature female winning an intersexual 
conflict was 32.70 + 18.50% (mean + SE) while the predicted probability of a mature 
female winning an intersexual conflict was 98.40 + 1.56% (mean + SE) (Figure 1). 
 
Reproductive and Social Contexts 
Neither reproductive year, reproductive period, nor feeding context had a 
significant influence on the probability of mature females winning intersexual conflicts 
(Table 2). While the majority of conflicts (57.80%) took place during a feeding context 
among reproductively mature females, context had no effect on the likelihood of females 
winning during mid/late lactation periods (p = 0.22, Table 2). However, mature females 
exhibited a tendency toward an increased likelihood of winning intersexual conflicts 




Adult females and males exhibited no significant difference in average body mass 
(NFemales = 12, mean = 3.15 + 0.21 kg; NMales = 27 , mean = 3.12 + 0.31 kg; ANOVA: !2 = 
0.28, df = 1, p = 0.60). However, both reproductively mature (p = 0.031) and immature 
females (p = 0.013) were significantly larger than male conflict partners (Table 2), with 
mature females most often approximately 0.20 + 0.48 kg larger and immature females 
most often approximately 0.22 + 0.60 kg larger than males. Body mass differences did 
not have a significant effect on the likelihood of females winning intersexual conflicts for 





This study aimed to examine variables influencing the expression of female 
power in a Verreaux’s sifaka population in Kirindy Mitea National Park through an 
investigation of the energy conservation (ECH), cost-asymmetry (CAH), and leverage 
(LH) hypotheses. Consistent with all three hypotheses, females win more intersexual 
conflicts after reaching reproductive maturity, and consistent with the LH, females 
exhibited a tendency to win more conflicts during the mating season. Contrary to the 
ECH and CAH, however, neither context nor energetically expensive periods predicted 
conflict outcome. Furthermore, body mass did not appear to influence conflict outcomes 
even when significant body mass differences between conflict partners were present, 
contrary to the CAH and LH. While none of the hypotheses were fully supported, results 
suggest that the expression of female-biased power in Verreaux’s sifaka is best explained 
by factors associated with reproductive maturity and female leverage. 
 
The Energy Conservation Hypothesis 
The predictions of the ECH were only partially supported. Females were 
significantly more likely to win intersexual conflicts against males after reaching 
reproductive maturity, but were not significantly more likely to win during reproductive 
years or mid/late lactation periods. Furthermore, although female Verreaux’s sifaka have 
a significantly higher energy intake during lactation periods (Koch et al., 2017), females 
in this study were equally likely to win intersexual conflicts between feeding and non-
feeding contexts. In gray mouse lemurs (Hohenbrink et al., 2016) and ringtailed lemurs 
(Pereira, 2002; Cavigelli et al., 2003), the likelihood of females winning intersexual 
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conflicts is similarly associated with reproductive maturity, but not social or reproductive 
contexts. 
My findings call into question the underlying assumption that female lemur 
energetic needs associated with reproduction are sufficient to require consistent 
expression of female power over males. Indeed, interspecific comparisons of postnatal 
investment costs show no significant differences between lemurs and other closely 
related taxa (Tilden and Oftedal, 1995; Kappeler, 1996; Tilden and Oftedal, 1997). 
Alternatively, female lemur energy needs may be higher than males’ regardless of 
reproductive context. The Verreaux’s sifaka gestational period coincides with the period 
of lowest food availability, and females lose significantly more body fat than males 
during this time (Lewis and Kappeler, 2005). Thus, while lactation periods may still be 
the most energetically costly for females overall (Emery Thompson, 2017), the breeding 
strategy employed by Verreaux’s sifaka may increase female energy needs relative to 
males’ even outside of these periods. Additional measures of energy metabolism in 
female and male lemurs during different reproductive stages are necessary before 
drawing any definitive conclusions, however (Kappeler and Fichtel, 2015).  
 
The Cost Asymmetry Hypothesis 
The Kirindy Mitea Verreaux’s sifaka population exhibited no significant 
difference in body mass among adult females and males at the population level, 
consistent with the reported monomorphism in other populations (Ravosa et al., 1993; 
Richard et al., 2002; but see Lewis and Kappeler, 2005). However, significant differences 
in body mass existed between conflict partners, where females were significantly larger 
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than males even when females were reproductively immature. Despite these differences, 
body mass had no significant effect on conflict outcome.  
These results may suggest that body mass is an inadequate proxy for fighting 
ability in Verreaux’s sifaka. Agonistic interactions in many arboreal species, including 
Verreaux’s sifaka, depend upon charges and chases rather than physical conflicts 
(Kappeler, 1990), suggesting a minimal role for body size. Differences in fighting ability 
may thus be more accurately represented by morphological factors associated with speed 
and agility (Clutton-Brock, 1977; Clutton-Brock, 1985; Kappeler, 1990; Plavcan and Van 
Schaik, 1997), such as leg shape (Lawler et al., 2005).   
Alternatively, body mass differences simply may not have been large enough to 
reflect any real differences in fighting ability. Indeed, while many vertebrate taxa 
demonstrate a positive correlation between body size and dominance, this relationship 
often disappears when size differences are small (Chase and Seitz, 2011). In fish, for 
example, size differences above 20% are associated with increasing dominance rank, 
while size differences below 10% have no effect (Beaugrand et al., 1996). Other species 
with intersexual body size differences below 10% similarly fail to exhibit any association 
between dominance and body size (e.g., grey squirrels: Allen and Aspey, 1986; yellow-
pine chipmunks: Schulte-Hostedde and Millar, 2002). Given that intersexual mass 
differences in Kirindy Mitea Verreaux’s sifaka differed by only about 0.20 kg, which 
represents at most about 13% of the total body mass in the immature individuals included 
in this study, a similar explanation may apply.   
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Thus, while my findings do not support the predictions of the CAH that pertain to 
body mass specifically, they may support the underlying premise that female dominance 
is dependent upon female and male fighting abilities being approximately equal 
(Dunham, 2008). Before definitively supporting this conclusion, however, 
methodological issues must also be taken into account. Mass differences between females 
and males were assumed to remain approximately the same for the entire year despite 
known variability during the late dry season (Richard et al., 2000; Lewis and Kappeler, 
2005) and rapid growth during infant, juvenile, and subadult development (Ravosa et al., 
1993). However, given that studies involving more consistent measures of body mass 
have demonstrated insignificant effects of body mass on intersexual conflict outcome in 
species with female-biased power structures (Hohenbrink et al., 2016), the results of the 
present study may still accurately reflect the influence of body mass regardless of the 
number of mass data points used. 
 
The Leverage Hypothesis 
Verreaux’s sifaka exhibited a tendency toward an increase in the probability of 
females winning intersexual conflicts during the mating season, which is consistent with 
findings in several other species suggesting that mating opportunities present a source of 
leverage. Females in species characterized by female-biased power structures, for 
example, have been found to exhibit an increased likelihood of winning intersexual 
conflicts during estrus (e.g., bonobos: Surbeck and Hohmann, 2013) or during 
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reproductive periods in general (e.g., gray mouse lemurs, Goodman’s mouse lemurs: 
Hohenbrink et al., 2016). Even females in species characterized by male-biased power 
structures and male-biased size dimorphism may gain short-term advantages over males 
as a result of leverage derived from mating opportunities (e.g., eastern lowland gorillas: 
Sicotte, 2002; orangutans: van Noordwijk and van Schaik, 2009). Given that females and 
males exhibited minimal differences in body mass, the results of the present study are 
thus consistent with the leverage hypothesis, suggesting that female power in Verreaux’s 
sifaka is primarily moderated by female leverage rather than female fighting abilities.  
These results should be considered with caution, however. While February and 
March were designated as the mating season, mating bouts usually only take place within 
a six-week period within January and March (Brockman et al., 1999; Leimberger and 
Lewis, 2017) and females are in estrus for a maximum of three days within this period 
(Brockman et al., 1999). Without any hormonal data to accurately assess when estrus 
occurred and rare observations of copulations (Lewis, unpublished data), assessing 
whether the increase in female wins is truly influenced by leverage via mating 
opportunities is difficult. Furthermore, these results may have also been confounded by 
kinship, which has been shown to influence agonistic interactions in other lemur species 
(Kappeler, 1993b). If females were primarily interacting with male kin during the mating 
season, the increase in the likelihood of mature females winning intersexual conflicts 
found in this study would likely be unrelated to leverage as mating opportunities, and 
instead may reflect leverage as kinship (Hand, 1986; de Waal, 1986).  Future research 
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incorporating kinship and hormonal data are necessary to further delineate how leverage 
affects the expression of female-biased power structures in Verreaux’s sifaka.    
 
Reproductive Maturity and Female-Biased Power Structures 
The hypotheses tested in this study are unified by the common expectation that 
female-biased power is established only after females reach reproductive maturity. This 
prediction was clearly supported by the results of this study as well as others 
investigating the establishment of female-biased power (Pereira, 2002; Cavigelli et al., 
2003; Hohenbrink et al., 2016). Intersexual power relationships within male-biased 
power structures are also influenced by reproductive maturity (Holekamp and Smale, 
1991), suggesting that this period has implications for the development of intersexual 
power asymmetries more generally.  
Reproductive maturity is accompanied by a myriad of individual changes 
reflecting the differential reproductive strategies employed by females and males as a 
result of specific limitations constraining female versus male reproductive success 
(Trivers, 1972). While these limitations are not necessarily correlated with any one 
specific reproductive strategy (Clutton-Brock, 2007), they nevertheless involve 
differences in factors such as energy requirements, body size, hormone levels, and new 
sources of economic power, such as mating opportunities (Holekamp and Smale, 1991; 
Pereira, 1995; Plant and Barker-Gibb, 2004; Emery Thompson, 2017). Intersexual power 
asymmetries that form after reaching reproductive maturity thus do not necessarily reflect 
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reproductive maturity itself, but instead reflect changes in the variables involved in 
and/or produced from reaching this developmental stage.  
While consistent asymmetries in intersexual relationships ultimately arise from 
the combined interactions of these variables (Lewis, in press), some factors may 
nevertheless prove to be more influential than others. In species characterized by female-
biased power structures and minimal body size differences between sexes, such as 
Verreaux’s sifaka and other lemurs, the present study suggests that mating opportunities 
as a source of female leverage may be particularly influential, although the relative 
insignificance of body mass differences and energy requirements are equally important to 
consider. Because male reproductive success usually depends more on access to mates 
than does female success (Trivers, 1972), mating opportunities may thus be considered of 
higher value to males relative to females. Females can then exploit this asymmetry by 
controlling access to this resource, and mating opportunities may thus become a source of 
female leverage (Lewis, 2002). However, because mating opportunities only occur within 
particular time periods, use of this form of leverage may not result in consistent female-
biased power if males hold alternative sources of power, such as larger body size, outside 
of these time periods (Lewis, 2002). Female-biased power structures driven by female 
leverage may thus depend upon relative equality between females and males in all other 
sources of power. Given that only one other study has examined female leverage in 
relation to female-biased power (Surbeck and Hohmann, 2013), however, and no other 
studies have done so in a monomorphic species, additional research is essential to test the 
validity of this claim.  
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CONCLUSIONS 
The expression of female-biased power in Verreaux’s sifaka at Kirindy Mitea 
National Park is influenced by factors associated with reproductive maturity and female 
leverage. Neither body mass differences nor any other reproductive or social contexts had 
any influence on the likelihood of females winning intersexual conflicts. However, body 
mass differences may not have been large enough to reflect differences in fighting ability. 
Thus, the leverage hypothesis, but not the energy conservation nor cost-asymmetry 
hypothesis, was fully supported by the results of this study. Future research should 
consider incorporating physiological measures of female energetics and reproductive 
stages as well as sources of fighting ability other than body mass before these hypotheses 
are completely discounted, however. 
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Table 1. Definitions of key variables used to determine the factors that may be most 
influential in mediating the expression of female-biased power in Verreaux’s sifaka. 
 
Variable Definition 




Age at first observed birth. 
Reproductive year Year in which female gave birth to infant that survived to weaning 
age. Females with infants that died prior to weaning were excluded 
from analyses. 
Mating season Assuming a birth date of September 1st and gestation length of 
approximately 5 to 6 months, February and March were designated 
as the mating season.  
Mid/late lactation Assuming a birth date of September 1st and weaning at 5 months, 
December and January were designated as the mid/late lactation 
period. 




Table 2. Table of results from generalized linear mixed effects models. Behavioral and 
morphological data collected from Verreaux’s sifaka at Kirindy Mita National Park from 
2007-2016 were used to test the influence of i) reproductive maturity, ii) body mass 
differences, iii) various reproductive contexts and iv) the feeding context on the 
likelihood of females winning intersexual conflicts. 
  
 
Estimate SE p value 
Model 1. Win ~ Reproductive Maturity + Body Mass  
                Difference (All Females) 
   Intercept -1.70 1.37 0.22 
Reproductive Maturity 7.62 1.99 <0.001 
Body Mass Difference 0.88 0.65 0.17 
 
Model 2. Win ~ Body Mass Difference (Immature 
                Females) 
   Intercept -3.44 3.20 0.28 
Body Mass Difference 1.90 1.52 0.21 
 
Model 3. Win ~ Reproductive Year 
   Intercept 31.37 57.48 0.59 
Reproductive Year -24.87 57.47 0.67 
 
Model 4. Win ~ Reproductive Season    
Intercept 6.04 1.70 <0.001 
Mating Season 1.41 0.76 0.063 
 
Model 5. Win ~ Reproductive Period 
   Intercept 6.09 2.17 0.0051 
Mid/Late-Lactation Period 0.57 0.87 0.52 
 
Model 6. Win ~ Context    
Intercept 8.91 0.0040 <0.001 
























Figure 1. Reproductively mature females are significantly more likely to win intersexual 
conflicts that immature females. The least-squares predicted mean probabilities + 
standard errors of female winning an intersexual conflict when reproductively immature 





Chapter 2.  Monomorphism in mammals: A review of current 
hypotheses 
INTRODUCTION 
Sexual dimorphism is defined as the morphological differentiation of sexually 
mature females and males (Fairbairn, 1997), with sexual size dimorphism specifically 
referring to intersexual differences in body size. Among mammals, male-biased size 
dimorphism is commonly assumed to be predominant, with extreme examples of male-
biased dimorphism in orders Primates and Carnivora (Ralls, 1976; Andersson, 1994; 
Fairbairn, 1997; Weckerly, 1998; Lindenfors et al., 2007). Despite this overarching trend, 
however, several mammalian species exhibit sexual size monomorphism, where female 
and male body sizes are approximately equal. 
While numerous studies have examined sexual size dimorphism in mammals and 
the potential pressures selecting for different body sizes (Ralls, 1976; Weckerly, 1998; 
Isaac, 2005; Lindenfors et al., 2007; Plavcan, 2011), mammalian sexual size 
monomorphism has not yet been reviewed. In part, the lack of broad-scale studies 
examining monomorphism may be related to the assumption that monomorphism exists 
only as a product of phylogenetic inertia (Cheverud et al., 1985; van Schaik and 
Kappeler, 1996; Pérez"Barbería et al., 2002). However, this justification does nothing to 
explain the forces responsible for the original development of monomorphism nor its 
continued expression in extant species (Kappeler, 1990; Lindenfors and Tullberg, 1998). 
This review aims to address these issues by examining the extent of size monomorphism 




Primary sex differences refer to gonadal sexual differentiation and relate directly 
to mating and reproduction, whereas secondary sex differences refer to other traits that 
distinguish between the sexes (vom Saal, 1989; Andersson, 1994; Plavcan, 2001). While 
monomorphic and dimorphic traits can refer either to primary and secondary sex 
characteristics, discussions surrounding sexual monomorphism or dimorphism generally 
refer only to differences in secondary sex characteristics (Plavcan, 2001). In mammalian 
species, secondary sex characteristics such as body and/or weaponry size (e.g., canines, 
horns, antlers) are most often used to determine the degree of dimorphism or 
monomorphism. 
Because body size applies to all species (as opposed to weaponry, which is 
usually limited to specific taxonomic groups), it is the most common measure used when 
comparing intersexual differences across taxonomic groups (Ralls, 1977; Fairbairn, 2007; 
Fairbairn, 2013). Body size in extant mammals is usually represented by total body mass, 
although skeletal measurements may also be used (Ralls, 1976; Schmidt-Nielson, 1984; 
Andersson, 1994; Weckerly, 1998; Fairbairn, 2007). Both measurements have limitations 
in their accuracy. Body mass may be influenced by seasonal fluctuations, hydration, or 
food consumption, leading to poor repeatability among individuals (Fairbairn, 2007). In 
contrast, skeletal measurements have better repeatability, but often underestimate 
variance in body size (Fairbairn, 2007). Despite these limitations, body mass is generally 
accepted as the standard measure for body size because it gives a more direct measure of 
three-dimensional size (Schmidt-Nielson, 1984; Weckerly, 1998). This review therefore 
focuses primarily on body mass monomorphism and references to monomorphism or 
dimorphism herein refer to sexual size monomorphism or dimorphism. 
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A species is usually considered monomorphic when body mass differs by less 
than 10% between sexes (Weckerly, 1998; Lindenfors et al., 2007; Dunham and Rudolf, 
2009), although this cut-off is not necessarily regarded as a standard across the literature. 
Some studies, for example, refer to a 10% or less difference in body size as moderate 
sexual size dimorphism, while others give no indication as to where the cutoff for 
monomorphism or dimorphism lies (Ralls, 1976; Fairbairn, 2007). Unfortunately, the 
only known study to investigate the validity of this threshold limited their assessment to 
monomorphism and male-biased dimorphism, classifying species in which females are 
larger than males as monomorphic (Pérez"Barbería and Gordon, 2002) and thereby 
potentially biasing their results. Additional research is clearly necessary to determine 
whether the 10% cutoff is appropriate, but for the purposes of this review, references to 
monomorphism can be assumed to be defined by this measure unless otherwise noted. 
 
Monomorphism in Mammals 
 While the prevalence of monomorphism has not been assessed directly in 
mammals, a general understanding may be attained by first examining the prevalence of 
female- and male-biased dimorphism. Female-biased dimorphism, despite characterizing 
most animal species, appears to be relatively uncommon in mammals (Fairbairn, 2013). 
Based on species-level analyses of both limb measurements and body weight, Ralls 
(1976) reported that 60% of mammalian orders exhibit female-biased dimorphism, but in 
most of these orders the degree of dimorphism was slight, with females less than 10% 
larger than males. Under the most commonly used definition of monomorphism, those 
orders thus exhibit monomorphism rather than dimorphism (Weckerly, 1998; Lindenfors 
et al., 2007; Dunham and Rudolf, 2009; but see Ralls, 1976). More recent analyses 
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specifically examining body mass dimorphism support these results, showing that only 
one order (Lagomorpha) exhibits significant female-biased dimorphism (Lindenfors et 
al., 2007). 
In contrast, male-biased dimorphism is commonly assumed to be the prevailing 
pattern in mammals (Ralls, 1977; Alexander et al., 1979; Weckerly 1998; Pérez"Barbería 
et al., 2002; Lindenfors et al., 2007; Fairbairn, 2013) and has been the focus of most 
broad-scale studies examining female and male body size in various mammal taxa (e.g., 
Leutenegger and Cheverud, 1982; Weckerly, 1998; Plavcan, 2001; Isaac, 2005). The 
most comprehensive study of dimorphism in mammals to date included an assessment of 
body-mass measurements for almost 30% of known mammals and showed that for 
mammals overall, male body mass exceeds female body mass by approximately 18% on 
average (Lindenfors et al., 2007). In male-biased dimorphic orders for which enough data 
was available to achieve statistical significance (8 out of 26), male body mass averaged 
25% to 90% greater than female body mass. These findings are supported by smaller-
scale studies of male-biased dimorphism in orders Primates (Plavcan, 2001; Weckerly, 
1998), Artiodactyla (Weckerly, 1998; Pérez"Barbería and Gordon, 2000), and Carnivora 
(Moors, 1980; Weckerly, 1998), among others. 
However, the predominance of male-biased dimorphism in mammals may be 
overestimated. By determining the extent of dimorphism in terms of average intersexual 
size differences rather than determining the proportion of species exhibiting these 
intersexual body size patterns, extreme values of dimorphism within a few taxonomic 
groups can easily skew results (Martin et al., 1994). Among primates, for instance, the 
degree of male-biased dimorphism is largely influenced by catarrhines, with males 
sometimes more than twice the size of females, while platyrrhines are characterized by 
lesser degrees of male-biased dimorphism (22% on average) and strepsirrhines are 
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primarily monomorphic (Kappeler, 1990; Martin et al., 1994; Weckerly, 1998; Plavcan, 
2001; Dunham et al., 2009). Family Phocidae provides a more extreme example, in 
which male body mass averages 81% larger than female body mass, but males are more 
than 10% larger than females in only 47% of species studied (Weckerly, 1998). Indeed, 
species-level analyses examining male-biased dimorphism in mammals overall show that 
males are more than 10% larger than females in less than half of all mammals 
(Lindenfors et al., 2007). Combined with a small proportion of species exhibiting 
significant female-biased dimorphism (Ralls, 1976), these results suggest that 
monomorphism may be more prevalent in mammals than has been historically 
represented in the literature. 
This overemphasis of male-biased dimorphism has biased the hypotheses put 
forward to explain intersexual differences in body size. Indeed, hypotheses addressing 
monomorphism in mammals must often be inferred from hypotheses explaining male-
biased dimorphism (e.g., Clutton-Brock, 1977; Andersson, 1994; Plavcan, 2001), and the 
few hypotheses that address monomorphism specifically are limited to particular 
taxonomic groups (e.g., Kappeler, 1990; Pérez"Barbería et al., 2002; Dunham and 
Rudolf, 2009; Dunham et al., 2013). Primates, for example, are often used as a model 
taxon for better understanding patterns of intersexual body size differences, perhaps due 
to the high levels of variation in the intersexual body size differences exhibited by 
primate species (Clutton-Brock, 1977; Ralls, 1977; Dunham et al., 2013). Most 
hypotheses explaining monomorphism are thus drawn from primate species (e.g., 
Kappeler, 1990; van Schaik and Kappeler, 1996; Wright, 1999; Dunham and Rudolf, 
2009). Among the most common explanations (not mutually exclusive) are that 
monomorphism is a result of either non-adaptive processes, such as phylogenetic inertia 
(van Schaik and Kappeler, 1996; Pérez"Barbería et al., 2002) or allometric trends 
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(Leutenegger and Cheverurd, 1982), or adaptive processes related to natural (Wright, 




Rensch’s rule, a non-adaptive explanation for monomorphism (Leutenegger and 
Cheverurd, 1982), describes the general tendency of sexual size dimorphism to increase 
with mean body size in clades where males are larger, and decrease with mean body size 
in clades where females are larger (Rensch, 1960; Abouheif and Fairbairn, 1997). This 
covariation between body size and dimorphism is suggested to result from sexual 
selection (Székely et al., 2004; Dale et al., 2007), where directional sexual selection 
acting on one sex is predicted to produce a correlated but weaker change in the other sex 
(Abouheif and Fairbairn, 1997; Fairbairn, 1997). 
Empirical support for this trend is equivocal, however. On broad scales (e.g., 
among animal classes), Rensch’s rule is supported only in cases where males are the 
larger sex (Ralls, 1977; Abouheif and Fairbairn 1997; Fairbairn 1997; Weckerly, 1998; 
Lindenfors et al., 2007). Within mammals as a class, for example, a slight but significant 
relationship exists between body size and dimorphism, with monomorphic mammals 
exhibiting a tendency towards overall smaller body sizes (Weckerly, 1998; Lindenfors et 
al., 2007). Across mammalian orders, however, Rensch’s rule is only supported in orders 
Primates and Diprotodontia (Lindenfors et al., 2007; Sibly et al., 2012), although even 
within primates, neither strepsirrhines nor platyrrhines follow Rensch’s rule and results 
are contradictory in catarrhines (Clutton-Brock et al., 1977; Leutenegger and Cheverud, 
1985; Kappeler, 1990; Martin et al., 1994; Abouheif and Fairbairn, 1997; Lindenfors and 
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Tullberg, 1998; Weckerly, 1998; Smith and Cheverud, 2002; Gordon, 2006). Additional 
studies at narrower taxonomic levels similarly show a lack of support for Rensch’s rule, 
including pinnipeds (Lindenfors et al., 2002), ungulates (Berger and Gompper, 1999; 
Polak and Frynta, 2009), rodents (Martínez and Bidau, 2016), bats (Stevens and Platt, 
2014), felids (Martínez et al., 2014), and canids (Bidau and Martínez, 2016). As with 
other ecological rules, these exceptions demonstrate that Rensch’s rule may outlines 
general patterns, but cannot be used as an absolute ecological law (Sibly et al., 2012). 
 
Phylogenetic Inertia 
Most animals exhibit little to no differences in body size between females and 
males, with females and males typically differing by only 5 to 10 percent (Fairbairn, 
2013), including mammals (Lindenfors et al., 2007). As a result, monomorphism may 
simply be the result of phylogenetic inertia (Cheverud et al., 1985; van Schaik and 
Kappeler, 1996; Pérez"Barbería et al., 2002), which attributes the persistence of non-
adaptive characteristics to the retention of ancestral traits adapted during different 
conditions (Martin et al., 1994; Shanahan, 2011), and therefore may simply exist as the 
default condition in mammals. Indeed, monomorphism was likely the ancestral condition 
of most ungulate species (Pérez"Barbería et al., 2002). Similarly, when comparing the 
influence of phylogeny with that of body mass, mating system, habitat, and diet, 
phylogenetic effects were found to explain 50% of the variation in dimorphism in 
primates (Cheverud et al., 1985; but see Kappeler, 1990). Regardless of whether 
monomorphism currently exists only as a remnant ancestral trait, however, this 
explanation ultimately does not address the causes responsible for its original 
development (Kappeler, 1990; Lindenfors and Tullberg, 1998). 
 30 
ADAPTIVE HYPOTHESES 
Sexual Selection Hypotheses 
The adaptive evolution of intersexual size differences (including monomorphism, 
male-biased dimorphism, and female-biased dimorphism) is predominantly explained by 
sexual selection (Darwin, 1871; Leutenegger and Kelly, 1977; Kappeler, 1990; Martin et 
al., 1994; Leigh and Shea, 1995; Plavcan, 2001; Lindenfors et al., 2002; Isaac, 2005; 
Gordon, 2006; Dale et al., 2007; Lindenfors et al., 2007; Cox and Calsbeek, 2009; 
Plavcan, 2011). Sexual selection theory is traditionally based on the premise that females 
tend to engage in mate choice whereas males tend to engage in competition for mates 
(Plavcan, 2001; Kokko and Jennions, 2008; Plavcan, 2011). Combined, these forces lead 
to sex-specific effects on males (Ralls, 1977; Andersson, 1994; Plavcan, 2001; Plavcan, 
2011). While modern assessments of sexual selection recognize that mate choice and 
competition are not always exclusive to one sex (Gowaty and Hubbell, 2005), most 
hypotheses regarding intersexual size differences focus on male competition alone, with 
particular emphasis on positive sexual selection for male body size (Andersson, 1994; 
Plavcan, 2001). These hypotheses predict that monomorphism occurs when (1) males 
cannot monopolize females due to spatial or temporal female dispersal (2) male-male 
contest competition for mates is weak, and (3) male reproductive variation is low, with 
the latter two predictions often discussed in terms of mating systems (Emlen and Origin, 
1977; Kleiman, 1977; Andersson, 1994; Plavcan, 2001). In the case that these predictions 
are not supported, monomorphism is predicted when male intrasexual competition 
depends on traits other than body size (i.e., when positive sexual selection for male body 
size is weak: Lawler, 2005; Dunham and Rudolf, 2009) or when females exhibit a 
preference for smaller, more compliant males (Richard, 1992). 
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Female Aggregation 
Female temporal and spatial aggregation is in part determined by habitat type and 
predation (Andersson 1994; Caudron, 1997; Plavcan, 2001; Peréz-Barbería, 2002). These 
factors may determine the low levels of female aggregation found in monomorphic pack-
ice breeders and arboreal mammals (Jarman, 1974; Ralls, 1977; Le Boeuf, 1986; 
Andersson, 1994; Plavcan and van Schaik, 1997; Plavcan 2001). In response to the 
instability of pack ice, for example, many seals have adapted near-synchronous birthing 
followed soon thereafter by synchronized, short female receptivity periods (Ralls, 1977; 
Le Boeuf, 1986; Andersson, 1994). Furthermore, females are often more widely 
dispersed on pack ice than land or land-fast ice (i.e., ice attached to a land mass), possibly 
due to dispersed food resources (Ralls, 1977; Le Boeuf, 1986). As a result, the pack ice 
breeding habitat effectively inhibits males from monopolizing females through both 
temporal and spatial dispersal of females. Arboreal or closed habitats may also inhibit 
large aggregations of females, either through widely dispersed food resources or cryptic 
anti-predator behaviors (Jarman, 1974; Ralls, 1977; Plavcan and van Schaik, 1997; 
Plavcan 2001). Ungulates became dimorphic only after moving into open habitats and 
forming large female groups, whereas previously closed-habitat species were 
monomorphic with dispersed females (Peréz-Barbería et al., 2002). 
 
Mating Systems 
Mating systems are often used as a proxy to infer the degree of sexual selection 
on male body size (e.g., Plavcan, 2000; Sibly et al., 2012; Cullen et al., 2014). This 
explanation relies on the assumption that monogamy and polygynandry are characterized 
by little to no positive sexual selection on male body size (thus leading to monomorphism 
 32 
or female-biased dimorphism), whereas polygyny is characterized by strong positive 
selection on male body size (thus leading to male-biased dimorphism) (Kleiman, 1977; 
Jarman, 1983; Boonstra et al., 1993; Cullen et al., 2014). The strength of sexual selection 
on males is often quantified using male reproductive variance as a proxy, where high 
reproductive skew represents strong sexual selection and vice versa (Isaac, 2005). 
Support for this relationship is mixed, however. A correlation between mating 
system and body size has been demonstrated in primates (Clutton-Brock, 1977; 
Leutenegger and Kelly, 1977; Martin et al., 1994; Mitani et al., 1996; Weckerly, 1998; 
Plavcan, 2000), ungulates (Peréz-Barbería, 2002; Koren et al., 2006; Cooper et al., 2011; 
Bar Ziv et al., 2016), pinnipeds (Le Boeuf, 1986; Lindenfors et al., 2002; Cullen et al., 
2014), and both bovids and cervids (Jarman 1983, Sibly et al. 2012). However, no such 
support has been found in perissodactyls (Berger and Cunningham, 1994; Garnier et al., 
2001) or rodents (Boonstra et al., 1993; King and Allainé, 2002; Isaac, 2005). In fact, 
monogamy is relatively rare in rodents despite widespread monomorphism, a notable 
trend given that rodents comprise 44% of all mammals (Wolff, 2007). In primates, 
removing monogamous species from analyses effectively eliminates the relationship 
between dimorphism and polygyny (Clutton-Brock, 1977; Martin et al. 1994), while 
studies of voles have found no relationship at all between intersexual size differences and 
mating systems (Hesk and Ostfeld, 1990). Additionally, only 3% of all mammals are 
reported as monogamous (Kleiman, 1977), but substantially more than 3% of species are 
monomorphic. 
These contradictory results may be related to the methods used to define the 
mating system. Traditionally, mating systems have been defined by mating success, but 
this measure does not always correlate with reproductive success (Isaac, 2005). Indeed, 
studies utilizing genetics-based paternity analyses to quantify male reproductive success 
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show that variation is relatively low in many monomorphic species with polygynous 
mating systems, including roe deer (Vanpe et al., 2007), muriquis (Strier, 1990; Strier et 
al., 2011), collared peccaries (Packard et al., 1991; Cooper et al., 2011), and harbor seals 
(Coltman et al., 1999). Because sexual selection ultimately depends upon variation in 
reproductive success, future studies examining intersexual size differences and mating 
systems may benefit from distinguishing between mating and reproductive success. 
Monomorphism has also been found in polygynous species with high 
reproductive skew, however. Perhaps some of the best characterized examples of 
monomorphic species with highly polygynous mating systems (as defined by 
reproductive success) can be found among lemurs, which include some of the most 
unambiguously monomorphic species among all mammals and demonstrate no 
correlation between intersexual size differences and mating system (Kappeler, 1990; 
Kappeler and Ganzhorn, 1993; Weckerly, 1998). While male-male contest competition 
can be fierce, particularly during the mating season, these agonistic interactions consist 
primarily of charges and chases rather than physical conflicts (Kappeler, 1990). 
Regardless, sexual selection is still strong in many species, as evidenced by high 
reproductive skew among males (Lawler et al., 2005; Kappeler, 2008; Parga et al., 2016). 
In this case, sexual selection on male body size is likely weak and may instead act upon 
male traits such as speed and agility (Clutton-Brock, 1977; Clutton-Brock, 1985; 
Kappeler, 1990; Plavcan and Van Schaik, 1997; Lawler, 2005). In sifaka, directional 
selection acts on leg shapes beneficial for vertical clinging and leaping locomotion, while 
stabilizing selection acts on body size (Lawler, 2005). Similar suggestions regarding 
selection for speed and agility have been made for monomorphic, polygynous marine 
mammals, but support is limited (Andersson, 1994).  
 34 
Female Choice 
Few studies have explicitly examined the role of female choice in the 
development and maintenance of monomorphism (Richard, 1992; Leigh and Terranova, 
1997; Lawler et al. 2005; Plavcan 2011), an extreme oversight given that sexual selection 
is dependent on both females and males. The few hypotheses that have been presented 
are derived from studies of female-dominant lemur species, and suggest that male 
reproductive success in these species is determined by competitive submission to females 
rather than competitive aggression between males (Richard, 1992). Because small males 
will not challenge females or infants for food (Jolly, 1984), female preference for 
compliant males may provide selection against large male body size and thus allow for 
monomorphism (Richard, 1992). Empirical tests of this hypothesis have yet to be 
conducted, however. 
In species where females mate with multiple males, cryptic female choice may 
also play a role in maintaining monomorphism. This form of mate choice refers to the 
anatomical and physiological characteristics of females that favor corresponding traits in 
males (Parker et al., 2013). Theoretical models predict a trade-off between traits subject 
to female choice pre- and post-copulation, such that males must modulate investments 
between traits that aid in mate acquisition, such as body size, and traits that aid in 
fertilization success (Parker et al., 2013; Lüpold et al., 2014). For species in which males 
invest more in post-copulatory traits to ensure fertilization success, selection pressure on 
male body size is expected to be alleviated, thus providing a possible explanation for 
monomorphism (García-Navas, 2017). Support for this hypothesis in mammals has been 
empirically demonstrated in primates (Dunham and Rudolf, 2009) and rodents (García-
Navas, 2017), although testing in ungulates demonstrated a lack of support (Ferrándiz-
Rovira et al., 2014). 
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Passive mate guarding is one such post-copulatory trait that involves both cryptic 
female choice and male-male competition (i.e., sperm competition). While contest 
competition is primarily thought to occur via active mate guarding, where post-
copulatory males actively defend their mating partners against other males, passive mate 
guarding is expected when males are unable to feasibly monopolize mating access to all 
females, such as in species with short female sexual receptivity lengths (e.g. less than 4 
days) or in species with dispersed social systems, given that males may not be present to 
defend mating partners (Dixson and Anderson, 2002; Dunham and Rudolf, 2009). This 
strategy involves the use of copulatory plugs, where semen solidifies and molds to the 
female vaginal canal after ejaculation (Voss, 1979; Dixson and Anderson, 2002; Dunham 
and Rudolf, 2009). In primates, a clear association exists between copulatory plugs and 
body size, with copulatory plugs employed almost exclusively by monomorphic species 
(Dunham and Rudolf, 2009). Orders Rodentia, Chiroptera, and Eulipotyphla are also 
characterized by monomorphism (Lindenfors et al., 2007) and appear to exhibit 
widespread use of copulatory plugs (Engle, 1926; Voss, 1979), although a relationship 
between body size and passive mate guarding has yet to be demonstrated empirically in 
these groups. 
 
NATURAL SELECTION HYPOTHESES 
While sexual selection is generally considered the strongest force in determining 
intersexual body size differences (Cox and Calsbeek, 2009), it is unlikely to be the only 
force in operation (Isaac, 2005). Natural selection is thought to play a smaller, but still 
significant role in shaping female and male body size (Gordon, 2006). Natural selection 
hypotheses concerning monomorphism specifically suggest that similar female and male 
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body sizes result from constraints on body size related to environmental variables or 
habitat type (Plavcan, 2001; Tennenhouse, 2015). While tests of these hypotheses are 
considerably limited relative to sexual selection hypotheses, these forces may still play a 
role in selecting for monomorphism. 
 
Environmental Constraints 
Environmental constraints, including extreme environmental variability, 
seasonality, and resource unpredictability, have long been cited as potential causal factors 
for monomorphism (Jolly, 1984; Leigh and Terranova, 1998; Weckerly, 1998; Wright, 
1999; Plavcan, 2001; Dunham et al., 2013). Environmental constraints are hypothesized 
to impose a limit on male body size by acting against the prolongation of male growth 
(Leigh and Terranova, 1998; Wright 1999) and thereby limiting intersexual differences in 
growth duration or rate (Leigh and Shea, 1995; Leigh and Terranova, 1998). These 
constraints on intersexual bimaturism are predicted to occur when individuals must 
quickly reach a particular size and level of foraging competency so that they might 
survive during periods of low resource availability (Leigh and Terranova, 1998). 
Additionally, highly variable resource availability is predicted to increase female size 
through increased female-female contest competition for food resources (Jolly, 1984; 
Plavcan and van Schaik, 1997). The few studies that have tested these predictions, 
however, found no correlation between environmental constraints and intersexual body 
size differences (Dunham et al., 2013; Tennenhouse, 2015). Additional empirical data is 




Habitat Type  
Habitat type has been clearly shown to correspond with patterns of intersexual 
body size differences. Strictly arboreal species tend to be monomorphic, whereas 
terrestrial species tend to be male-biased dimorphic in both primates (Clutton-Brock et 
al., 1977; Leutenegger and Kelly, 1977; Cheverud et al., 1985; Martin et al., 1994; 
Plavcan and van Schaik, 1997; Plavcan, 2001) and rodents (Mace, 1979). This pattern 
may be due to selection based on constraints of arboreal locomotion (Leutenegger and 
Kelly, 1977; Plavcan and van Schaik, 1997) or food resources, which often occur on 
terminal branches (Clutton-Brock et al., 1977). Marine mammals also show variation in 
intersexual size differences that correspond to the degree of terrestriality, where species 
breeding on pack-ice tend to be monomorphic whereas terrestrial breeders tend to be 
male-biased dimorphic (Le Boeuf, 1986). Similarly, ungulates dwelling in “closed” 
habitats (i.e., forests, woodlands, bushlands, or thickets) tend to exhibit monomorphism 
whereas those dwelling in open terrain tend to exhibit male-biased dimorphism (Estes, 
1974; Peréz-Barbería et al., 2002). Unlike arboreal species, however, the relationship 
between monomorphism and habitat in marine mammals and ungulates does not appear 
to be related to substrate-induced body size constraints, but is instead attributed to the 
degree of female aggregation (related to sexual selection) and vulnerability to predation 
(Ralls, 1977; Andersson, 1994). 
 
Predator Defense Hypothesis 
The predator defense hypothesis posits that in habitats with increased 
vulnerability to predation, natural selection for larger male body size is expected if males 
are primarily responsible for predation defense (DeVore and Washburn, 1963; 
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Leutenegger and Kelly, 1977; Martin et al., 1994). The corresponding prediction that 
monomorphism occurs in species living in habitats where predation levels are relatively 
low (Jarman, 1983; Anderson, 1986; Caudron, 1997) has received mixed support, and has 
only been tested in two taxa. In primates, there is a significant relationship between 
predation vulnerability and the degree of dimorphism (Anderson, 1986). In pack-ice 
breeding marine mammals, however, no such support exists (Le Boeuf, 1986; Caudron, 
1997; Cassini, 1999). These species were actually found to undergo significant levels of 
predation, and some studies have suggested that weak predation may instead allow for 
increased dimorphism rather than monomorphism (Andersson, 1994; Cassini, 1999). 
In the event that predation is high, the predator defense hypothesis provides 
additional predictions. Specifically, it predicts that alternative defense tactics are utilized 
that either a) do not depend on males alone, and/or b) do not depend on large body size 
(Jarman, 1983; Anderson, 1986; Caudron, 1997). This prediction has received 
considerably greater support relative to the first prediction. Monomorphic primate species 
(Leutenegger and Kelly, 1977) and marine mammals (Hammerschlag et al., 2006) tend to 
rely on predator detection and fleeing versus aggressive, size-dependent defense. 
Similarly, monomorphic ungulates dwelling in closed habitats also tend to utilize anti-
predator behaviors unrelated to body size, primarily relying on crypsis or fleeing rather 
than active defense (Jarman 1974). For group-living mammals in general, 
monomorphism is suggested to lend to uniformity that may aid in confusing predators, 
making it difficult to single out an individual and further contributing the dilution effect 
(Leutenegger and Kelly, 1977; Jarman, 1983). Alternatively, males and females may 
contribute equally to predation defense, selecting for equally large body sizes in both 
sexes (Jarman, 1983). 
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CONCLUSIONS 
Sexual size monomorphism in mammals is more common than typically 
presented in the literature (Lindenfors et al., 2007). Similar to hypotheses concerning the 
development and maintenance of sexual size dimorphism, hypotheses concerning 
monomorphism do not appear to have a clear unifying feature across all taxa (Weckerly, 
1998). Of all hypotheses presented, however, factors relating to sexual selection appear to 
be most likely determinants. In terms of sexual selection overall, monomorphism is 
expected in species where selection for male body size is weak or is acting on traits 
unrelated body size, such as agility or genital morphology (Andersson, 1994; Plavcan, 
2001; Isaac, 2005). Factors such as environmental constraints, habitat type, or predation 
pressure may contribute to sexual selection effects via female spatial or temporal 
dispersal (Le Boeuf, 1986; Caudron, 1997; Pavcan, 2001; Peréz-Barbería et al., 2002). 
Alternatively, habitat-related factors may place limitations on body size unrelated to 
sexual selection, leading instead to natural selection for smaller body sizes or greater 
agility (Clutton-Brock, 1977; Clutton-Brock, 1985; Kappeler, 1990; Andersson, 1994; 
Plavcan and Van Schaik, 1997; Lawler, 2005). Resolution of these broad-scale trends 
associated with monomorphism will require large-scale, species-level comparative work 
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